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Hecornbiriaiit simian viriis 40 (SV.20) virus genomes h a x ~  beeit conutrncted 2 n  
uitro by joining SVGTI, the segrnerit of SV40 DNA hetu-eeii map co-ordinates 
0.15 and 0.73 (clockwise), to  either tlie Escherichza coli gcliic: for thymidirie 
kinase (Ecotdk),  or one of the Saccharomyces cereviswe germ for tRNA'Y' (ScetyrC) ; 
ttic resulting recombinants \\ere propagated i i i  C V  I rnorikry cells at 41°C using 
toA.58 as a helper. The Ecotdk errit: 11 as obtairied first as i i i i  approximately 20 k h f  
DNA segment in a defective transduciinp phagc, +80dtrlk5, tlreri as overlapping 
1.86 and 2-35 kb segments in phlB9-Ecotdk, prior to  tiisertiori into SVGTI. The 
ScetyrG segment introduced into SVGTl was a 1.25 Irb DNA fragment coritairird 
i t  t Agtl-ScetyrG, a recombinaiit that liad heen rloned pre\ iously t)y Olson et al. 

After infection of CV- 1 inonkey cells with ttre SVGTl-Ecotdlc  or SVGT 1-  
ScetyrU hybrid viruses, RNA complemc~ntary to  tlir esogerious DNA was pro- 
cliiced. IVith SVGTI-Ecotdlc tlio RNA Iiomologous to t ht. Ecotrlk segment \\mi 

rogmeous, ranging in size from 1 to > 8 kb i n  length. At least 30 to 4Oo6 ofthis 
R N A  1s as covalently Joined to SV40-specific RNA. KO E .  c d i  t tiymidme kinase 
eiizyxnr activity could be detected 111 tlir iiifrctetl ctllls. By contrast, infection 
wi th  SVTC 1 -ScetyrC: resulted i n  the forinrttioii of it transfer HNX-sized RNA, 
complrmentary to the tRNATyt coding seqiicnc~: of the Scetyrt: segment, as wf>ll  
as u population of heterogenous large RXAs. Siticc tlrc formation of the tRNA- 
qzecl RNA occurred after infection \\ i t t i  rtwmibinarits having the ScetyrG 
srgments 111 either of the two alternattx e orientittioris i i i  SYGT1, it i s  possihle 
tti;it trariscrtption of the t?yrCr' s~cl i ience IS iriitiatcd tvitkiin ti lt3 clorird srgrnorit. 

( 1979) 

1. Introduction 
Trttnsducing hacteriophnges carrying specific regions of the bacterial chromosome 
I ~ ~ L V P  contributed significantly to  t h e  analysis of bacterial genome organization. 
expression and regulation. Phage-host recombinants provided novel cellular arid 
ph~~gc- genotypes. starting materials for detailed structure and base sequence analyses. 
spc~ific hybridization probes for monitoring gene expression. arid abundant specific 
gene products. i.e. RNAs and proteins. for investigations of the  mechanisms of 
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(Meitz & Berg, 1974) ; the procedures for transfection, detection, purification aitd propaga- 
tion of the viruses containing recombinant genomes were described provioiisly (Gaff' & 
Berg. 1976). 

(b) Bacterial and phage growth and induction of lysogena 
Wild-type $80 phage was obtained from A .  D. Kaiser (Stanford University), E coli 

strain KY895 (W3110 t d k - )  from B. Bachrnariri (New England Culture Center) atid 
both E.  coli W3110 and HBI01, containing tlie pMB9 plasrnid (Bolivar et al., 1977). from 
R. VI'. Davis (Stanford University). Agtl clones containing the S.  cerewisiae genes t y d :  
and t y rE ,  as  ell as recombinants of these genes with pMR9 (pMR9-ScetyrC: and pMBY- 
ScetyrE, henceforth abbreviated to  ptyrG and ptyrE), were those described by Olson et al. 
(1979). Transfection of E .  coli strain KY895 was performed by the CaC'12 method a:: 
drscrihed by Wensink et al. (1974). 

Bacteria wore usually grown in L-broth ( 5  g NaCl, 5 g yeast extract, 10 g tryptoriejl, 
pH 7.5) ; to select thymidine kinase-positive (TK') cells t hr inedium also corititirieti 
25 pg fluorodeoxyuridine/ml, 25 pg uridine/ml, and 50 pg thymidine/ml. Tetracyclirw 
resistant ( tetR) cells were selected for growth on 15 pg tetracyclint./rnl. TO inducr 480 
lysogens, cells were grown to an  Asoo  of 1 unit, centrifuged, resuspended i n  an equal 
v(11111nc~ of buffer (10 mM-Tris, pH 7.5, 10 mni-MgC12) and exposed to U.V. light for 10 h in 
w, large flat pan. After centrifugation the cells were resuspended in fresh mediunl awl 
grobt 11 at 37 'C for 5 h with vigorous shaking. The lysate was treated with CHCI,, clarificvl 
t)y c*eritrifugation (10 min at 10,000 revs/min) arrd tlie phage i r i  tlie siiprrriatant were 
purified further by 3 successive centrifiigatioris in ('sC'1 cirnsity-stvp gradirnts and theii i ( I  

eqiiilibriiun in a ('sC'1 density gradient. 

(e) Preparation of phage, plasmid, and viral DLV-4 
DNA was prepared from purified phage hy the formalrude lysis method (Caineroii. 

1977)  To obtain the Ecotdk gene for introduction into pMR9, the 480dtdk5 DNA \\us 
sI1e:irt.d to  smaller fragments: 40 pg of a mixture of $80 mid $80dtdk5 DNA, in a total 
WJI. of 26 nil of 'I'ENN bufler ( 1 0  m%I-Tris, pH 7.5, 1 mM-EDTA, I kI-KaC'l) was stirrpil 
i n  i t  Virt is  hornogenizer at 15,000 revs/min for 1.5 t i  at 4"C, aid the fraprnrnted DNA 
w r l s  ooncc,ntrated by precipitatioii with alcohol. These conditions produce DNA with a n  
tiv('rage size of about 2 kbt as judged by agarose go1 electrophoresis. 

Suprrcoilrd plasmid DNA was prepared by lysozyine/EDTA/TritcIn X 100 lysis (Katz 
et a1 . 1973) and SV40 DNA by differeritial extraction froin infwtod CV-1 cells (Htrt. 
1967). Both DNAs were purified by equilibrium centrifugation 111 CsCl cwntaininp ethidiurn 
h ~ ) i i i i r l e  ILS clescribrd by Radloff et al. (1967). 

(d) Preparation of 32E'-labeled 0hTA4 
DNA was nick-translated according t o  Rigby et al. (1977) nsing 0.5 to 2 pg of SV40. 

pTK1, ptyr(: or ptyrE DNAs and [ c c - ~ ~ P I ~ G T P  (New England Nuclear) as the labcl~tl  
substrnte. The specific activities of the DNAs were between 10' to  lo8 cts/mm per pg. 

(e) Hybridizations 
To locate or identify SV40 recombinant plaques on CV- IP cells, the infected cell inono- 

layers were transferred to  nitrocellulose discs, hybridized with the appropriate 32P-labelctl 
iiirli-translated DNAs and autoradiographed (Villarr~al & Berg, 1977). To confirin t l i tw 
initial identifications, supernatants obtained by Hirt's ( 1967) procedure from cells irifecteci 
w t l i  the initial virns stock or plaque-purified virus, were spotted (1 pl of each supernatant ) 
directly orito a square of dry Schleicher and Schuell nitrocellulose and hybridizvd to 
appropriate 32P-labeled DNA as described by Villarreal & Berg (1977) : this procdure 
simplified and hastened the screening of hundreds of putative recoinbinant virus clones. 

3H -1ftbeled RNA purified from CV- 1 cells infected with the different recombinant 
x-iruses was annealed to  the appropriate DNA loaded onto nitrocelldose discs. SV4O DNA 
was c1raYr.d with TaqI endonucleasp and p T K l  arid ptyrG DNAs were cl~avecl with 

t Stbe footnote to  1). 359. 
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poiircd on top of the separating gel and photopolymerized for 1 11. The tray buffers C O I L -  

tairied 250 mnr-Tris-OH, 1 .Y M-glycine; the upper tray buffer also contamed 2.5 rnbr-ATP 
atid 0.1 mar-dCDP. The extract (40 pl) contained 25 rrm-l'ris buffer (pH 8.6), 2.5 iniu- 
MpCl,, 6 m;M-ATP, 2.5 mM-dCDP, arid 5% glycerol; electrophoresis was for 4 h at 4°C" at 
a constant current of 35 mA. The gel was soaked in 10 In1 of the  assay mixture coritmiiiig 
100 m&f-'I'ris buffer (pH 7.0), 10 mpI-ATP, 10 mM-MpCl,, and  50 pn~-[~~C]dThd (50 mC'i,' 
tninol) for 2 h at 37"C, fixed for 12 11 at 4°C in 250 ml of 100 mM-Tris biifYer (pH 7.0), cow 
tmiung 100 nm-lanthanum chloride, and washed in running watcxr for- 24 11.  Firially, tl icl  
gel mas tlriod arid autoradiographed. 

'I'lie constrnction, propagation and handling of SVc'1' 1 -Ecotdk and SVGT 1 -Bcetyr(: 
rrcoinlxriants were perforrned i n  a PS facility as rrccirniner~d~d i n  the National 1ristitiitc.s 
of Heal t I i gu idelinrs. 

3. Results 
(a) Rat ionule 

Attenipts to clone a particular gene or segment of DN,4 from a source in which i t  
is represented only rarely have generally resorted to the "shotgun" approach : random 
cleavage of the starting DNA using mechanical shear or restriction endonucleases. 
ligation of these fragments to a suitable vector DNA, followed by selection or screen- 
ing for recombinants that  express the particular biological function or contain the 
particular nucleotide sequence. But the efficiency of recovering recornbinants wit ti 
SV40 DNA is low and the selection-screening procedures for specific genes using 
animal cell cultures are limited, tedious. expensive, or non-existent. ConsequentJy, 
it is preferable. first, to trim and purify the DNA segment to the desired state by one 
or more clonings in bacteria and then to  transfer the cloned DNA segment from thr 
bacterial vector to an appropriate SV40 vector. This two-step procedure was used to 
construct recombinant molecules with SV40 DNA and DNA segments containing 
E .  coli's gene for thymidine kinase (Ecotdk) or a S. cerevisae gene for tRNATY' 
( S w t y r G ) .  The SV40 vector was SVGTl. M 3 4 5  kb segment of SV40 DNA containing 
thv origin of DNA replication and thc entire early region (the segment defined 
[nap Po-ordinates 0.73 counter-clocknise to 0.15) (Goff & Berg, 1976). SVGTl was 
produced 1)y successive cleavages with Hnol and BamH I endonucleases and purified 
by elcctrophorc~sis on an agarose gel: its 3' ends were modified by the addition of 
poIy(dA) (about 50 to 100 nucleotides long) as previously described (Goff & Berg. 
1976). 

(h) Construction of S I'GT I-Ecotdk recomhinnnts 
(see Fig. 1 f o r  an ovpmll summary) 

(1) Preparation of 480dtdk phages 
E.  coZi tdk maps close to  the attachment site for $80 (Bachmann et al., ISTCi). 

Consequently. 480dtdk transducing phages could be obtained after ultraviolet light 
induction of a $80 lysogen of E .  coli W3110 ( tdk ' ) .  These transducing phages were 
detected by infecting E.  coli KY895 ( t d k - )  and plating the infected cells in the 
presence of BdCrd plus uridine and dThd. Under these conditions less than of 
uninfected cells form colonies (because they cannot phosphorylate thymidine (TK -)). 
but approximately of infected cells become TI<+ and produce colonies on this 
selective medium. Eight of these transductants were grown. induced with ultraviolet 
light and the phage lysates tested for tdk transducing activity as described a l ) o v ~ .  
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320 tetR colonies tested were TK+ as judged by their ability to grow on PdUrd- 
cwntaining media. One contained an insert of 1.85 kh DNA (pTKl) and the other’s 
insert was 2.35 kb DNA (pTK2). 

Both inswts have three HincTl endonuclease cleavage sites (see Fig. 2) and this 
allows the maps of pTKl and pTK2 t o  he aligned with each other. pTKl contains 
two EroRI restriction sites spaced 0.2 kl, apart near one end of the cloned segment 
while pTK2 contains only one of them : t h e  second EcoRl restriction site must lie 
outsidt. thc sheared fragment inserted in pTK2. After iIlip11lg all of the sliared 
restric4ion sites, it is clear that the t\vo indqxwkntlj- cloned DNA segments share ii 
region of iIl)out 1.5 kb. a length only slightly larger than is needed to codr for thv 
t tiyriiitiine kinase subunit of 40 kilotlaltons (Okazaki & Kornherg. 1964a,D). 

DSX heteroduplexes between linear pTKl and pTK2 DNA molecules (the t\r o 
recorn I)inant DN14s are ckaved once by BamHl endonudease in the pMB9 portion) 
showed that their respective inserts have the same orientation (Fig. 2 ) .  The plasrriid 
and E coli DXA segments are almost completely hase-paired i n  the heteroduplexes. 
t hr only non- homology between them being the sma11 loop of T)SA representing t I i c ~  

left end of the pTK2 segment that is missing from the pTIil insert. From the length 
of this loop we infer that  the pTK2 cloned DNA segment contains 0.7 kb more DNA 
to the left of the pTKl insert (see Fig. 2 ) ;  the unshared 0-2 lrh a t  the right end of 
pTK1 is too small to detect by heteroduplex analysis under these conditions. 

(iii) Erplassio?i of the cloned ttlk DNA segments in E, coli 

Since the frequency of TK+ clones amongst the tetR transfectants was low. it \vas 
important to establish that the TI( + phenotype did not result from reversion of 
KY895 and that the cloned DNA segments did indeed carry a functional Ecotdk 
fielie. pTKl and pTK2 plasmid DPU’As were isolated and used to  transform KY8I)ii 
cells as mentioned above. With pMB9 plasmid DNA, 0/15 tetR clones were T K *  : 
),ut Liith pTKl and pTK2 DNAs. 18/18 and 10/10 tetR colonies. respectively, becamr 

Crlls harboring the pTKl plasmid also produce thymidine kinase activity (Pig. 3).  
ICY895 cell extracts have only 27(, as much thymidine kinase activity as do E. coli 
W3110, hut ICY895 cells carrying pTKZ have 5.7 times more thymidine kinase than 
t h e  \\ ild-typf cells. 

‘1’0 debermine if the tdk gene in pTKl contains all the information needed for 
thymidine kinase synthesis, or if the expression of the tdk gene is governed by its 
placement within the pMB9 vector. the cloned segment in pTKl was excised with its 
pol~7(dT) tails intact (Goff & Berg, 1978) and annealed to linear pMB9 DNA containing 
pol~~(c lX)  tails a t  its EcoRl endonuc1easr:-generated ends. After transformation of 
17. c ~ d ,  KY895, TK + clones n ere selected i ~ n d  their plnsniid DKAs isolated. Of six 
twon~hinant plasmids examined hy cloavage with 8al I endonuclease (one A’aZl 
rwtrict,ion site occurs in the plasmid and one in the cloned tdk DNA) one contained 
the Ecotdk DNA segment with the same orientation as pTKl and five had the opposite 
orientation. These assignments were confirmed by digestion with both Hind11 I and 
EcoR t endonucleases. This experiment shows that the tdk gene can be expressed 
i r r w p t 4 v r  of its orientation in the plasmid vector: all of the signals needed to 
(Axpress t hj.midine kinase activity are probably contained within the cloned DN-4 
segment, 

‘rK + . 
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FIG. 3 .  Thymidine kinase activity In extracts of  E colz W 3 1 1 0  (TK' ) (O), KY896 (TIC - )  ( ) 

~ X t J ' i W h  of the bacterial cells w e p  prepnrrd ant! tmayerl foi thyrnidin~ kinas? activity a\ 
nntl ICY895 (pTK1) (e), 

tiescribed 111 Materials and Methods. 

(iv) C'onstruction and isolation of SVGT1-Ecotdk 
During transfer from E .  coli's genome to the pTK1 plasmid thr Ecotdk segment 

 as purified 2000-fold; it was also trimmed to a size that can be accommodated 
n ithin the SVGTl vector. To construct SVGTl-Ecotdk the Ecotdk segment was 
excised from pTKl with its poly(dA:dT) flanking sequences intact (Goff & Bcrg. 
1978) and after brief digestion with X 5'-exonuclease to regenerate poly(dT) tails It 
n-as annealed to SVGTl bearing poly(dA) tails. The resulting mixture, with addrd 
fsA58 DNA, was used to transfect CV-1P cells and. after 12 days, the resultant 
plaques were screened by in situ hybridization for Ecotdk nucleotide sequcnct's 
(Villarreal & Berg. 1977). Approximately half of the 10' plaques formed per pg of 
mnea'led DNA were Ecotdk positive. CV-I cultures were infected with virus from 
60 randomly picked plaques and the extracted viral DNA (Hirt, 1967) was screened 
for Ecotdk sequences by hybridizing DNA spots on nitrocellulose to 32P-labeled 
pTKl DNA; nearly half the plaques contained recombinant genomes. A total of 24 
of t h e  original plaques containing SVGTl -Ecotdk recombinants were playue-purified 
once on CV-1P cells using added fsA58 as helper virus; two purified plaques from 
each of t h c  original 24 were used to prepare virus stocks and viral DNA. A total of 
35 of tlhesc 48 DNAs hybridized strongly with 32P-labeled pTKl DNA indicating tha t  
they wntain sequences homologous to  the E'cotdk DNA segment in pTKl . 

( v )  Tlze structure of the cloned SI'G'TI-Ecotdk DIVAS 
The mixture of recombinant and tsA58 DNA in each of the 35 DNA preparations 

mentioned above was digested with EcoRT and Hind111 endonucleases and the 
resulting fragments were electrophoresed on a 1-4:/, agarose gel (Fig. 4). Ten of the 
DNAs yielded the expected pattern of DNA fragments : in addition to the fragments 
expected from wild-type SV40 DNA (those contributed by the tsA58 helper DNA 
prtwnt in t h e  preparations) there? \%ere t w o  new 1,ands. The  sizes of these bands are 
consistent with those predicted for the fragments that contain both SV40 and tdk  
sequences m d  span the poly(dA:dT) join (Fig. 4). The two new fragments are either 
approximately 1.85 kb and 1.1 kb. or 2.35 kb and 0.6 kb in length. These fragment 
sizcv are those expected for the two possible orientations of the tdk DNA segment 
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relative t o  the SV40 vector. Thus, eight of the hybrids (of which only five are indepen- 
dent) have the tdk DNA segment inserted in one orientation, while two (both from 
one original plaque) have the same segment in the reverse orientation (Fig. 4). The 
sizcs of the new fragments produced by the EcoRT plus Hind111 endonuclease diges- 
tions lire different in each clone. This variation probably results from differences in 
t h e  length of the poly(dA:dT) join sequences; indeed, the variation is restricted to 
the fragments containing the poly(dA : dT) joins, while the sizes of the internal 
fragments are constant. 

The ten recombinants referred to above aIso produced the expected 0.2 kb fragment 
from within the Ecotdk segment after EcoRI endonuclease cleavage (Fig. 4(c)). As 
expected. the 0-2 lib fragment is indistinguishable from the small fragment produad 
by EcoRT endonuclease digestion of the plasmid pTKl : moreover, the same fragment 
IS produced from SVGT1-Ecotdk recombinants that have the Ecotdk segment in each 
of the tti o orientations. 

H a d  on the amount of DKA removed from the  SV40 vector (2.19 kb) and the size 
of the: Ecotdk DNA segment inserted in its place (1.85 kb), the SVGT1-Ecotdk rrcom- 
I)tnitnts should be about 0.93 SV40 fractional length. Electrophoresis of mixtures of 
rccom binant and helper supercoiled DNAs in 1.504 agarose gel revealed two hands. 
orw conforming to the size of wild-type SV40 DNA and a smaller species about8 0.90 
to 0.95 SV40 fractional length. The amount of the smaller species ranged between 20 
to 50no of the sum of the two DKAs. indicating that the recombinant and helper 
q:(lnornes \I ere nearly equallv proficient in their multiplication. 

I)KA from t h e  remaining 25 recombinant virus isolates yielded heterogenwus 
i ~ i d  unexpected fragments, many in less than molar amounts. when cleaved t)y 
EroRl and Hind1 11 endonucleases: these have not< been characterized further. Quit(? 
poA\iIy these genomes have deletions or duplications that arose during their pro- 
pagation. a phenomenon known to occur with wild-type and deletion mutant viruses 
(Mwtz & Berg. 1074). Alternatively. these "scrambled" genomes could have been 
formed in the original recombination event and were complemented by the helper 
virus chirine the plaque purifications and subsequent growth. 

(v i )  Tmnsrsipt ion mnd translation o j  the cloiLed Ecotdk DNA xegnient in monkey  cell.^ 
1.; thc tdk gene expressed follofling infection of monkey cells with the SVGT1- 

Ecofrlk! Transcription of the Ecotdk DNA segment was examined first. CV- 1 cell 
tnonolaycrs were infected (3 to 10 plaque-forming units/cell) with SV4O (SVS). o r  
wtli ivA58 and (.ither of two SVGTI-Ecotdk isolates (the Ecotdk segments in eacli 
t i  ( ~ I x '  orientchd in oppositra directions). After 48 hours. [ 3H luridino (30 pC:i/ml : 
25 ('i,/rnmol) wits tidded and four Iiours later total RNA was isolated and hybridmti 
t o  nitrocellulose discs containing SV40 or pTKl DNA (Fig. -5) As expected, RNA 
oi)t;tinctl from each of the infected cell cultures contained S1'40-specific nucleotide 
scquvnces. The RNA extracted from SV4O or mock-infc.ctcd cralls did not hyhridizch 
to p'l'K1 DNA, but RNA ohtained from cells infected ~ i t h  either of the tu.o SVGTI- 
Erotdk rw)rnhinants did hybridize to pTKl DNA. Since more than 95':/; of t h e  
jH 1al)rI eluted from the filters hecame acid-soluhle afttbr i t  brief incubation with 
alkali, \\e conclude that it is RNA, and not contarninat.ing DXA. that hybridized to 
thv immobilized DXA. These data indicate that, the Ecotdk segment in SVG1'1- 
EFcotrlk is transcribed and that the RNA transcripts are sufficiently stable to hc 
detrctcd hy a four-hour labeling. 
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The amount of Ecofdk-specific RNA made in thts infectod cclls IS  al)out oilc.-tt.titti 

as much as the SV40 RNB. Thr ratio o f  the fsA58 to SVGTl-h'cofclk pcnomc.s I I I  

comparable cultures. 48 hours after infection. was t)etwv\.et~n 1 and 4 (probably i.rfleot1ttg 
the ratio of the t\vo viruses in the innoculurri) suggesting that thew is ;il)out 20 t o  
50";) as much RKA homologous to  the Ecotdk: DNA segment as to t h e  SY40 DN.4 
segment it replaced. This extent of transcription is significant ;is thew ih  ;i h mt :LS 

much tdk-specific RNA in the infcrted cells (0.1 to 0 .3 ( ' , ) )  iis therca I <  of : i t) t intlnnt 
inltNAs in certain rukaryotic cells. 

To cxarnine thc sizt. and composition of thc  JAN& containing Ecwftlk i i i ic l (~ot  id(, 
sequences. RNA (50 to 100 pg) isolated 40 to  48 hours aftw infection with SI-40 or 
SVGT1-Ecotdk (plus tsBFi8) was denat'ured with glyoxal. elc.ctrophorcsed in il  I .5"(, 
agarose gel, stained with ethidium bromide and then transferred to  ,i c1it;Lzot)mzyl- 
oxymethyl paper which covalentlj- binds the RN-A (Aln i i w  rt al..  IHT7). The RS.4 
imprints were incubated with either 32P-lahelcd. nick-traiislatrd p'I'K 1 01' SV40 
DNAs. and then autoradiograms vwr made to locate the psitioils of RN-4 srquc~tiws 
homologous to the two DNAs (Fig. 6) .  Figure 6(a) shotis the cthidiuru ~)1'olnldr'-Sti~ltic.(i 
RNA ohtainecl from infections M i t h  four independent SVGTl -Erotdk isul:Ltw. t i \  o 
having the cloned segment H i t h  o i i c  orientation a m 1  thci oth(.r tu o thc. o p p o h i t ~  
orientation, The 18 S arid 28 S ribosomal RNA s p r c i c ~  :iw clea1.1~ \ isit)lv i i i  all t l i c s  

samples. Figure 6(c) stiovs the imprints of the srzrnc four  cI~.ctrophorcsc,tl RX.4 
saniples after hybridization wi th  the 32P-labclcd SV40 DNA proI)e: thc late I fj S m c l  
19 S mRNAs are apparent in each of the sarnples Hybridizatron of himilat- R S . 1  
imprints with 32P-laheled pTKl DNA (Fig. (i(h)) produces only a diffuse 1;i beliiig 
pattern over most of the tracks (the harc areas vorrespontl to the positions of t h e  
ribosomal RNAs which reduce or prevent the transfer of RNAs having the. saint' 
electrophoretic niobility to  the diazobenzyloxyrnethyl paper). This result indicates 



FIG. 6. Electrophoretic characterization of KNXr- obtained from ('\'-l cells Infected wlth SVGT1-E'cotdk recombinants. 
(a) The electrophoresed RNA was stained vith ethidiuni bromide and thc varlous H S A  sprcieh \*rere visualized with U.V. l~ght .  TracL5 1 t o  4 contsm 

R N A s  extracted from cells infected with SVGTI -Ecotdk n r u q  clones 2?B, 277u, 47B anti 50B. rrsprctively. (b )  The, autorttdiogrnm of' RN-I< rr)mplcrnt~~tnry 
t o  J2t' lahelcd pTK1 U S A .  (ci Th? nutoratliogram o f  RS-A cwrnplrmetitary t u  321'-labt~lrd SV40 1)N-I .  
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that 8VGTI -Ecotdk infected (bell RKA does not c*ontain (iis(wt(* sized HE& hcJtW J -  

logous to the Ecotdk DNA segment: rather, the f d k  RKA seyuenws occur in $1 tirttvo- 
geneous population of molecules ranging in size from A hoot I to 8 kh 

Since most of the heterogeneous Ecotdlc-specific RKA is larger than the 1.85 kt) 
cloned Ecotdlc segment, it is likely that these RNA molecules contain covalently 
joined SV40 and Ecotdk nucleotide sequences. To test this. 3H-labeled RNA from 
cells infected with two of the recombinant viruses (plus tsA58) was annealed to nitro- 
cellulose discs containing pTKl DNA and, after extensive washing. the hybridized 
RNA was eluted (see Materials and Methods). precipitated with ethanol mid 
reannealed to nitrocellulose discs containing either pTKl or SV40 DNA. I n  t n o  
experiments. with different recombinant viruses, there was 30 to 4Uo:, as much 
hybridization of the pTKl DNA-selected 3H-labeled RNA to SV40 as t o  pTKl DXA 
Thus. at, least, 3004, of the RNA homologous to the Ecotdk DNA is linked to  RNA 
homologous to 8V40 DNA. This is only it minimum estimate hecausv E'cotdk and 
SV40 RNA sequences may havc become separatcd by degradations during thv tiwt 
hybridization reaction. 

Since Ecotdk DKA is t>rariscribed during iiifectiori \\..itti thr. SV(:T I -Ir:c.otdk r w o w  
binants. we assaycd the infected cell extracts for E.  coli tliyrnidine kinase activity. 
CV-I cells and a TIC- variant of monkey cells, T22TK-. were infected with various 
SVG'I'I - Ecotdk hvbrids (plus tsA58) and 30 hours later extracts were prepared and 
assayed for thymidine kinase (Table 1 ) .  The basal level of thytnidine kinase activitv 

d CV-1 cell extracts is increased about tenfold after SV40 infection (sec- 
Postel & Levine, 1976: Kit et aZ.. 1966). Rut the level of thymidine kinitst. activjty 

TABLE 1 

Thymidine kiiiase acticities i n  axtrocts qf C 1'- I mid T82Y'h'- cel2s itifrcted 71'1th 

5' T *G T I - Ecotd k recomb inanfs 
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@as not significantly higher after infection with five different isolates of SVGTl- 
Ecotdk (both orientations of the Ecotdk segment are represented in this set) than after 
infection with SV40 virus alone. When T22TK- monkey cells, which lack cytoplasmic 
thymidine kinase activity, were infected with either SV40 or two representative 
SVGTl -Ecotdk isolates, there was no reproducible increase in the level of thymidine 
kinase over the very low level seen in extracts of uninfected controls (Table 1). 
Concerned that even in TK- cells, the very low thymidine kinase activity was obscur- 
ing some formation of E.  coZi thymidine kinase, we resorted to gel electrophoresis to 
separate monkey and E .  coli thymidine kinase. The infected cell extracts werv 
electrophoresed and the thymidine kinase activity was assayed in the acrylamide gel 
(see Materials and Methods and Fig. 7). Under these conditions the R, values of‘ tht. 
mammalian cytoplasmic and mitochondrial activities are 0 . 1  and 0.2. relative to 
bromophenol blue, respectively; the R, value of E.  C O Z I ” H  thymidine kinase is 0.7 and 
therefore. is well resolved from the mammalian enzymes. The results show that thew 
is no detectable E. coli thymidine kinase activity in the tracks containing any of thr. 
SVGTl-Ecotdk infected cell extracts, although as little as 1 p1 of the E .  coli TK’ 
extract, gave a strong response (Fig. 7 ,  track 7).  We conclude that although the 
Ecotdk gene in SVGT1 is transcribed during multiplication of the recombinant 
penorntb. that  RNA is probably not translated into active thymidine kinase. 

(c) Construction, characterization and expression of S I’G‘Tl-ScetyrG 
recombinant virus genomes 

AS. cerwisne’s haploid genome contains eight genes coding for tRNATY’ (Olson P I  d.. 
1977). each one contained in a difTerent size fragment after digestion of its DKA w-ith 
EcoRI endonuclease (Goodman et al., 1977; Olson et al.. 1979). Each of the eight 
EcoRI restriction fragments has been cloned in E. coZi using Xgtl as the vector (Olson 
et al.,  1979). The ScetyrG and ScetyrE DNA segments. 1 e 2 5  kb and 5.2 kb in length. 
respectively, are homologous to one another only over the approximately 120 1)asrh 
coding for the tRNATyr precursor ; the nucleotide sequences surrounding the gene in 
ScetyrG‘ and ScetyrE are different (Phillippsen, Cameron & Davis, unpublished results). 

(i) C’loning S VG‘TI-ScetyrG recombinants in monkey cells 
DNA segments greater than 2.2 kb cannot be accommodated in SVGTl: hence 

the 1-25 kb ScetyrG DNA segment was chosen for cloning with this vector. The 
ScetyrG DNA segment was excised from AgtI-ScetyrU with EcoRI endonuclease. 
purified hy electrophoresis in agarose gel and its ends were “tailed” with poly(dT) 
(Goff & Berg, 1976). The modified ScetyrU fragment was annealed with SVGTl DNA 
containing poly(dA) termini, tsA58 DNA was added and CV-1P cells were transfected 
with the mixture. Approximately 4000 plaques/pg of annealed DNA were produced 
and about 250/, of these hybridized to 32P-labeled ScetyrG DNA in the in situ plaque 
hyhridization test. 

DNA %as prepared from infections of CV-1 cells with 60 plaques picked a t  random : 
14 of these DNAs hybridized strongly to the 32P-labeled Xgtl-h”‘cetyr(? DNA p r o h  
Viruq in the plaques giving rise to these 14 DNA preparations were purified once by 
plaque isolation with added tsA58; then virus stocks and DNA uere prepared from 
two isolates of each of the 14 original plaques. Seventeen of these 28 DN,4 preparation+ 
hvhridized to the tyrG DNA probe. 
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(11) ?'he structure of SVGTI-ScetyrG recombinant DNAn 
As with the SVGTl -Ecotdk recombinants, electrophoresis of restriction fragments 

in agarose gel was used to confirm the structure, location and orientation of the  
ScetyrQ DNA segment in the recombinant genomes. Since the SVGTl portion of t h c  
recornbinant has only one Tag1 restriction site and the tyrG segment contains five, 
digestion of the hybrids with Tap1 endonuclease should produce four small fragments 
wholly from within the tyrG region (the arrangement of these four small fragrnents in  
thc  tyrG segment is not known); in addition, two large fragments. each containing 
part of the tyrG region, part of the SVGTl vector, and a poly(d14:dT) join seyurncc 
should be formed (see Fig. 8(a)). Here too, the size of the large fragments is diagnostic 
of' the orientation of the tyrG segment. 

Of the 17 SVGTl-SeetyrG DNAs, six gave T q I  restriction digests consistent with 
thc presence of a single recombinant plus helper DNA (Fig. 8(b)). Each of these 
gvnerated full-length linear DNA from the tsA58 helper DKA and two additional 
large fragments from the recombinant (Fig. 8(b)). The sizes of these two fragments 
fell into two classes: they were either about 2.25 and 1.45 kb or 2.75 and 0-95 kb 111 

Iengt h. These are the fragment sizes that would be obtained from recombinants having 
the tyrG segment inserted into the SVGTI rector in either of the t n o  possible orieri- 
tations (Fig. 8(a)). Amongst the six uncomplicated clones (of which only three are in -  
dependent), five contain the tyrG segment in one orientation and one has the  t yd :  
segment in the opposite orientation. Here too. the small variations in the sizes of thc 
j o l t )  fragments (always less than 100 base-pairs) probably result froin variations 111 

t hc Imgth of their poly(dA : dT) segments. 
The four small fragments produced by I'ayI endonuclease digestion of SVGTI - 

SretyrO DNA derive from within the tyd! segment (Fig. 8).  In each of the six isolates 
the four fragments had the same electrophoretic mobility as those produced by the 
original tyrQ segment cloned in Xgtl. We conclude that these recombinants contain 
faithful copies of the ScetyrG DNA. Since there are no comparable small fragments 
(40 to 200 base-pairs) produced from the vector or helper. DNA and t he  resolution of 
the DX'A bands under these electrophoretic conditions is high. a chsngth of as few as 
fin> t o  ten base-pairs in these fragments could have been detcctcd. 

DNA from each of the remaining 11 cloned SVGTI-ScetyrG isolates was tietero- 
gweous, since many additional fragments, sonic! in less than molar yields, were 
found hy gel electrophoresis of their Taql endonuclease digests. Also, the internal 
Il'clpI restriction fragments from the ScetyrG segment \$ere absent in two of these 
clonr~s. Deletions and other rearrangements probably occurred during the isolation 
of thew recombinant DNAs. But i t  is not clear whether the rearrangements occurred 
during the initial recombination event or during the subseynent propagation of the 
rwornbinant genomes. 

(iii) Expression of the ScetyrG D N A  sequence 
Froni the orientation of the tRNA gene relative to the retriction map of the tyrG 

fragment (Olson et al., 1979), we ascertain that the coding strand for tRNATy' is 
attached to the late strand of SV40 in five of the recombinants; therefore, transcrip- 
tion of SV40's L-strand (the predominant transcription late in SV40 infection) would 
idso transcribe the template strand for the tRNA. The other SVGTl-ScetyrG recom- 
b i n a n t  has the template strand for tRNATyr joined to the early strand of the genome; 
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consequently, transcription of the L-strand into the tyrG region of the recornbinant 
DNA would yield anti-sense RNA, i.e. RNA complementary to the tRNA. 

To explore whether the tyrG DNA segment is transcribed during infection of CV-1 
cells with SVGT1-ScetyrC: and, specifically, if a mature tmRNATyr is produced, mock- 
infected, SV40 and SVGTl-ScetyrG (plus tsA58) cells were labeled with E3H]uridine 
(4 h) 48 hours after infection and the total cellular RNA was isolated. The RNA from 
the uninfected and SV40-infected cells, did not hybridize to ptyrG DNA (Fig. 9) ;  
apparently, the nucleotide sequence of monkey t,RNATyp is not homologous to the 

Virus 

FIG. 9. Hybridizat.ion of 3H-labeled RNAs obtained from CV-1 cnlls infected with SVGTI- 
SretyrQ recombinant viruses. 

Approximately lo6 ctslmin of each IEXA was hybridized separately to nitrocellulose discs 
containing either SV40 DNA (hatched). ptyrG DNA (stippled), or no DNA (open). The RNAs 
(sets 1 to 4) were from cells infected with SVGTl-ScetyrG clones 61A, 64A, 97B, and 104R, 
respectively, plus 18A68. The amount of RNA hybridizing t20 each of t.hp immobilized DNAs is 
expressed as a percentage of t,he tot'al RNA. 

sequence in R. cerevisae's tRNATyr. However, 3H-labeled RNA obtained from celIs 
infected with the SVGT1-ScetyrC recombinants did hybridize to ScetyrG DNA (Fig. 9). 
As mas found with SVGT1-Ecotdk infected cells. about 10°d) as much RNA was 
transcribed from the inserted DNA segment, as from the SV4c) late region. 

To determine if there were tRNA-sized RNAs made during infection with the 
SVG't'l-Scety4', the RNA from infected cells was denatured with glyoxal. electro- 
phoresed on 1.5 O;, agarose gels. transferred to diazobenzyloxymethyl paper and 
annealed with 32P-labeled ptyrG or SV40 DN-A (Fig. 10). In addition to the diffuse 
laheling over the length of the strips, presumably because of the presence of hetero- 
geneous sized RN4 molecules (1 to 8 kb) homologous to the ih t ,yrG DNA4. there is a 
discrete hand with a mobility corresponding to 4 S RNA (Fig. 10(a), tjracks 2 and 3) .  
A compar;Lhle RNA preparation obtained from cells infected with SVGTl -Ecotdk did 
not hybridize with the tyrG DNA (Fig. 10(a), track 1). Annealing the imprints of the 
electrophoresed RNA with 32P-labeled SV40 DKA established that each of the 
RNA preparations contained the expected 19 S and 16 S SV40 RNA species (Fig. 
IO(b), trackb 1 to 3).  The same result, namely the formation of 4 S RNA homologous to 
nucleotide sequences in ScetyrC, was obtained in cells infected with SVGT1-ScetyrQ 
recombinants whose tyrG segment occurred in either of the t8wo possible orientations. 

To estaldish that the 4 S species that hybridizes with RcPtyrC: DNA is homologous 
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to thc nucleotide sequmce coding for tkNATk* m t l  not its flatikmg stqii(ww~~ t ] I ( .  

RNA was hybridized with 32P-laheled ,?cPtprE DNA: t h i s  prohv is specific for t i i t -  

tRNATyr nucleotide sequence per SP. since the  fyrE :md f!yrf: DNA segments i i n *  

homoIogous only in their tRh'A coding sequences and differ in their flanking S C Y ~ L K ~ I ~ ~ Y ~ ~  

(Phillippsen, Cameron & Davis, unpublished results). RNA from 8V40 and ST'GTI - 
ScetyrG-infect,ed cells was isolated, processed as described above and electrophorcsetl 
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jn 2-5:; agarose for 3.5 hours. Following transfer of the RNA to the diazobenzyl- 
oxymethyl paper, the samples were annealed with 32P-labeled tyrE DNA and auto- 
radiographed as usual (Fig. 11). RNA homologous to tyrE is clearly evident in the 
sample obtained from cells infected with the recombinant but not from cells infected 
with SV40. The most intensely labeled band has the same electrophoretic mohility 
a s  the 4 S or tRNA species but further studies are required to establish whether t h t .  
4 S RNA species made during infection with SVGTl-SectyrG recombinants is, inclerd 
fully modified, functional tRNATYr. 

With labeled tyrE DNA as the probe, there was also diffuse IabeIling of large RNA. 
though less than was found in the hybridization with tyrG DNA. This suggests that the 
entire cloned tyrG segment is probably transcribed. Moreover, at least 200/,, of thc 
R,NA that anneals to tyrG DNA is also homologous to SV40 DNA, a finding that 
suggest,s that some tyrG- and SV40-specific RN-4 nucleotide sequences are covalentlv 
joitrcd, probably in a common RNA transcript. 

4. Discussion 
Our long term objective is to construct, in vitro, specialized transducing viruses 

that can multiply and express the transduced genetic information in mammalian 
cells. I n  the experiments reported here two genes, one coding for thymidine kinase in 
E.  coli (Ecotdk) and the other specifying the structure of a S.  cerevisae tRNATy' 
(ScctyrC) have been transduced into cultured CV- 1 monkey cells using a sub-genomic 
srgment of SV40 DNA (SVGT1) as the vector. 

SVGT1 is a 3.05 kb DNA segment obtained by cleavage of SV40 DKA with X n o t  
and BamHl endonucleases followed by electrophoresis in agarose. The vector DSA 
contains the entire early region and the origin of DNA replication, hut lacks virtually 
a l l  of thtb coding information for three virion proteins. Consequently, alt hougli 
SVGTl 's DNA can replicate in permissive cells (e.g. CV-1 monkey cells) and transfortri 
non-permissive cells (e.g. rodent cells), it cannot produce mature virions. However, 
SVGTl and its recombinants can be propagated by complementation with viral 
gmomes that contain a complete. functional late region. I n  our protocol an early 
mutant of 8V40, tsA58, provides the late functions; tsA58's replication defect is i r i  

turn complemented by SVGTl (Goff & Berg, 1976). 
I t  is tedious. time consuming and costly t o  screen and recover recombinant geriornch 

if the segments to he cloned in SVGTl represent less than of the DNA population 
To circumvent this difficulty we have resorted to molecular cloning i+ith bacterio- 
phage and plasmid vectors in E.  coli. a relatively rapid and inexpensive w;xy to  
puri1:\. relevant DNA segmenh for recornhination with SVGTl . By cloning in E .  coli 
ttic desired DKA segment can be trimmed to thc: proper size, purified from extranrous 
DSA sequences and prepared for in vitro recornhination under conditions 1% hich 
assi~rc efficient formation, screening and recovery of the particular recombinants 
Vor chxample. using $80 phage and pMR9 as vectors for molecular cloning in E .  coli 
t t i c1  1.85 kt) Ecotdk DNA segment inserted into SVGTl -Ecotdk was purified nearly 
2OOO-fold from approximately 4000 kl) of E.  coli DNA. The tdk gene was partirularly 
suitable for this approach hecause its presence could he selected for in TK-  host 
cells. In the absence of such a selection for function. the desired segment could h* 
detected by other means, e.g. by hybridization with appropriate labeled RNA or 
DNA probes (Grunstein & Hogness, 1975; Benton & Davis. 1977) or by relying on the 
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antigenicity of the gene products (Skalka & Shapiro. 1976). In constructing SVGTI- 
A‘cetyrG, the purified ScetyrG segment was already available as the Agtl-ScetyrG 
recombinant (Olson et al., 1979). E .  coli’s gene for guanine-phosphoribosyl-transferase 
(Ecogpt) has also been recombined with SVGTl (Mulligan & Berg, unpublished results) 
using DNA from a Apgpt transducing phage (Harriman & Mulligaii, unpublished 
results) as the starting material; similarly, the plasmid cDm5iOO (Lifton et al., 1977) 
provided purified Drosophila melanogaster histone genes for recombination with 
SVGT vectors (Hofstetter & Berg, unpublished results). Clearly, the “banks” and 
“libraries” of cloned pro- and eukaryote genes that are accumulating. provide n 1 ich 
source of purified DNA segments for insertion into appropriate vectors and trans- 
duction into animal cells. 

To interpret the expression of the transduced DNA segments we need to consider, 
Iriefly. our present understanding of SV4O’s late transcription. SV40’s capsid poly- 
peptides V P I  , VP2 and VP3 are coded by niRNAs transcribed from tht: DNA between 
map co-ordinates 0.67 to 0.17. (Fig. 12 shows the RNAs AS open bars and the coding 
segment for each polypeptide as a filled bar.) The late region is transcribed in the 
clockwise direction (Khoury et al., 1973.1975) ultimately yielding rnRNAs M itli 
polyadenglated 3’ ends at about map position 0.175. The 5’-termini of the late mRNAs 
are heterogeneous and map between eo-ordinates 0.67 to 0.73 (Lai et al., 1978); it is 
unclear whether the different 5‘-termini arise by processing events following initia- 
tion of transcription a t  a unique promoter site, or by initiation of transcription 
;it niany sites. A feature of SV40’s late niRllAs is that their nucleotide sequences 
arc not contiguous with respect to the DNA (see Fig. 12).  The major mRNA coding 
for. VP1. for example, contains a .‘leader.’ sequence of about 200 to 210 nucleotides 
homologous to map positions 0.725 to 0.76. joined to an RNA segment transcrihed 

FIG. 12. Represantut.iori of the st,ruct,ure of SV40’:: late mR,XAs. 
Tho  map of 6V40 DNA from the origin of DNA rcplicat,ion (0.67) to thc end of the late region 

(0.175) is shown on t,he inner circle. Tho regions coding for t,he stmict,urc of VP1, VP2,  itnd V P 3  
tire shown as shaded regions within bars that clefint: the ”bodies” of the 19 S and 16 S mRNAs. 

The “leader” segments are.shown as bars spanning map co-orciinat.es 0.69 t,o 0.76. The hatchet1 
itnd stippled regions of the 16 S mRNA leader, for example, are intended as symbolic, rather than 
literal, representations of more than one type of leader segment; ono leader segment spans the 
region froni 0.725 to 0.76 (hatched) and another the region from 0.69 tJo 0.76 (stippled). For the 
19 S m R N h  species one class of leaders spans map co-ordinates 0.69 to 0-73 (stippled) and k 
joined to the body a t  0.76; another class of leaders extends froni 0.725 t,o 0-76 (hatched). 
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